Arrestin, which plays a role in the termination of the visual transduction cascade, is one of several photoreceptor proteins whose mRNA levels are increased by light. Retinoic acid, a by-
, the role of retinaldehyde in vision involves a covalent bond between the aldehyde group and opsin via Schiff-base linkage (5 to 11-cis retinaldehyde, which is translocated back to the neural retina (5) .
Most of the evidence for a role of RA in the eye comes from observations of ocular development (12) . Partial vitamin A deprivation of pregnant animals often leads to micro-or anophthalmia in otherwise relatively normal offspring, indicating that the developing eye has an exceptionally critical requirement for RA (13, 14) . RA plays an essential role in the induction and maintenance of the dorsoventral retinal axis (15) , and it promotes formation of rod and cone photoreceptors (16, 17) . The developing eye synthesizes unusually high levels of RA, and this synthesis is mediated locally by high expression of several retinaldehyde dehydrogenases (18) . Although in the adult eye the retinaldehyde dehydrogenase levels are substantially lower than in the embryo, they are still very high (19) . Little is known about which transcriptional processes are regulated by RA in the mature retina. When all-trans retinaldehyde is released from metarhodopsin II after light exposure, some of it will be captured by the retinaldehyde dehydrogenases and converted to RA before it can enter the chromophore regeneration cycle. As cytosolic retinaldehyde dehydrogenases are abundant in neural retina and RPE, RA synthesis can be considered an unavoidable byproduct of vision (20) . This provides a mechanism through which light can directly influence gene transcription. As
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Preparation of arrestin probe
A plasmid containing the mouse arrestin cDNA insert was prepared by PCR cloning, using the sequence information given by Tsuda et al. Two clones with opposite orientations were selected for preparing digoxigenin-labeled RNA probes. To make the sense probe, the clone pCRIIArr2-8 was cut with Hindlll; for the antisense probe, the clone pCRIIArr2-5 was cut with HindIll. The two full-length (1503 bp) RNA probes were made with T7 RNA polymerase using a digoxigenin-labeling kit supplied by Boehringer Mannheim, Indianapolis, Ind.
Preparation of rhodopsm probe
Riboprobes for mouse rod opsin were made from a full-length cDNA clone (M3fl) cloned into pBluescript II sk (Stratagene) encoding bases -52 to 1183, where the numbering is given starting with the translation initiation site ATG for the full cDNA coding region (22) . The plasmid was linearized with AccI at the 5' end of the cDNA and an antisense riboprobe was prepared using 13 polymerase and digoxigenin labeling, Rather than isolated retinas, however, eyecups (i.e., eyes without corneas and lenses) were used in order to preserve the interphotoreceptor space; 10 eyecups were pooled for each measurement sample. The eyecups were extracted and processed by reversed-phase high-performance liquid chromatography (HPLC), as described previously (20 samples, probed for arrestin mRNA after 3 h of light exposure and injections of 1 Rmol RA, is shown in Fig. 1A: the signal in the light-exposed retinas is considerably stronger than in the dark-adapted sample and is similar to the RA sample. No increase in arrestin mRNA over the dark level was seen when only the vehicle (DMSO in tissue culture medium) was injected (Fig. 1B) . This result agrees with previous reports that light exposure causes an increase in arrestin mRNA (8) (9) (10) (11) , and it shows that RA injection can have a similar effect. The Northern blots illustrated the integrity of the purified total retinal RNA, because the arrestin signal was a single sharp band. To confirm that equal amounts of RNA were loaded, we overexposed the films to reveal several nonspecific bands: these were of equal intensity in all lanes (see <<, Fig.   1A ). To control for a general effect of the injected RA on all mRNA levels, we probed retinas for rhodopsin mRNA 3 h after injections of different RA dosages (Fig. 1C ): no effect could be detected on any of the several rhodopsin transcripts (22) visible in the Northern blot shown in Fig.  1 Figure   2A shows a dose-response relationship of different RA dosages on arrestin mRNA levels measured 3 h after the injections: a single dose of 1 j.tmol RA gave the highest increase; lower dosages were less effective, and at higher dosages the response leveled off. The dosage of 1 .tmol was taken as the optimum for arrestin mRNA. A time course experiment with 1 p.mol RA injections is shown in Fig. 2B , which is representative of results obtained in five separate experiments.
A small increase in transcriptional activity of the arrestin gene could already be observed 1 h after RA injection. The maximal amount of mRNA was detected 3 h after injection, then mRNA levels gradually decreased over the next 20 h. At 3 h after injection we observed a twofold increase of arrestin mRNA concentration, which is comparable to the increase in the light-exposed retinas after the same length of time (see Fig. 1A ). Control mice were dark adapted or exposed to bright light for 3 h. The RA-induced changes in arrestin mRNA expression are plotted in relation to the dark-adapted control, normalized to 1. The largest mRNA increase was obtained with the 1 p.mol RA injections.
B) Time course of RA-induced
arrestin mRNA levels after injections of 1 p.mol RA. The measurements of five experiments were pooled and the mean values and standard deviations were calculated.
In parallel experiments, retinas from dark-adapted mice and from mice exposed to continuous light for 3.2 and 10.5 h were sampler! to show the effects of light. The RA-induced and light-induced changes are plotted in relation to levels in the dark-adapted controls, which were normalized as 1. quantitative conclusions from these analyses of whole eyecups, because the light-evoked RA increase is probably centered on a very limited region around the photoreceptors, retinal pigment epithelium, and interphotoreceptor space, and systemic RA injections cause an even RA increase in all ocular tissues, including the sclera and remnants of eye muscles, choroid. iris, and ciliary body.
DISCUSSION

Previously
we had observed that illumination of the postnatal eye results in an increase in RA synthesis (20) . The appearance of light-mediated RA production parallels the maturation of functional rhodopsin, which is known to release the RA precursor all-trans retinaldehyde upon illumination.
Here we focused on finding a biological role for this phenomenon.
The biological significance of light-mediated RA production is that it potentially provides a direct mechanism for light to regulate gene transcription.
We asked whether a light-induced increase in mRNA levels can be replicated by RA injected intraperitoneally, an application method that represents no trauma to the functional retina. Candidate genes for transcriptional regulation by endogenous RA oscillations are those previously reported to exhibit dark/light cycling or to he altered by light exposure. The mRNA levels of several photoreceptor proteins vary in a diurnal pattern, and in Xenopus a circadian oscillator that is entrained by light has been localized to the photoreceptors (8, 9, (25) (26) (27) (28) .
We chose arrestin because its variations are solely controlled by light, independent of a circadian clock (11), a condition that simplified experimental scheduling. A single dose of RA increased arrestin mRNA levels about twofold within 3 h, which was similar to the increase after 3 h of illumination.
Continued light exposure caused a continuing increase in arrestin mRNA levels, but the RA-induced effect decayed after 3 h. This may be the result of RA degradation; for a response identical to that of light, repeated RA injections might be required.
The rapid response of arrestin mRNA to RA implies that arrestin transcription may be directly regulated by an RAbinding nuclear receptor.
In the promoter of the arrestin gene, which is expressed in the brain, retina, and elsewhere, a nuclear receptor response element has been identified that binds a factor (or factors) from retinal extract (29) . In mice, this response element binds both the chick ovalbumin upstream promoter transcription factor(COUP-TF) and RA; in in vitro assays, arrestin transcription was shown to be increased by RA (30). Thus, it is likely that light-induced increases in RA levels directly affect the transcription of the arrestin gene. It will be of interest to identify other genes expressed in the retina that behave similarly. In addition to the pivotal role that RA is known to play in ocular development, RA is likely to mediate transcriptional control in response to light in the mature retina. 
